Abstract In urbanizing watersheds, as land use changes, and storm sewers and impervious surfaces are increased, both the frequency and magnitude of discharge increase, resulting in stream channel down-cutting and widening and related loss of structures and engineering works. A simple model for assessing the time rate of degradation in watersheds is given. The model relies on a continuous simulation of watershed discharge based on local climate (SWAT-DEG) instead of a dominant discharge approach. Unique to this approach is the use of in situ erosion parameters derived from submerged jet tests, which give both the allowable tractive force as well as erodibility coefficients. The model is used in concert with the WatsonHarvey analysis of channel evolution. Four methods were used to verify and validate the model for estimating rates of degradation. A case study of channel stability assessment using this tool was made in north central Texas (USA). Rates of incision were nonlinear and ranged from 0-76 mm/year. 
INTRODUCTION
Channel equilibrium occurs when all four variables-sediment discharge, sediment particle size, streamflow, and stream slope-are in balance. Changes in streamflow, channel geometry and sediment variables may occur due to changes in land use. For example, flows less than bankfull may be increased by a factor of 10; and flow of the 1.5-to 2-year discharge may be doubled or tripled (Bledsoe & Watson, 2001) . Streams that are free to adjust will generally do so and reestablish new equilibrium conditions over a period ranging from decades to centuries. River and stream restoration seeks to quantify this relationship so that river adjustments, which can cause significant damage to existing urban infrastructure, can be avoided, or at least reduced in scope and severity. Galay (1983) cites that the cause of stream channel instability is related to the transformed Lane (1955) 
where s is the channel slope, qb a is the bed material discharge, d b is the bed material size and q c is the discharge. In urbanizing watersheds, as land use changes, and storm sewers and impervious surfaces are increased, both the frequency and magnitude of discharge increases. This results in channel degradation (Booth, 1990; Allen et al., 2002) . Schumm et al. (1984) , Simon (1989) , Rosgen (1996) and Simon & Rinaldi (2006) have shown that such degradation leads to a fairly predictable sequence of channel evolution. In more rural areas, such degradation can be handled by reconnecting the channel to the flood plain through meander restoration. In more urban watersheds, due to the confined nature of the flood plain with adjacent urban land uses and costly pipelines which cut across the channels, there are two principal solutions: (1) within urbanizing watersheds which still have appreciable open space: detention; and (2) within urbanized watersheds with urbanized stream banks: the installation of drop structures and toe protection. These spatial end members dictate that often costly structural control is needed in many urbanized watersheds. In order to budget for such costly structural control, it is important to assess the time rate of down-cutting within the watersheds in order to prioritize expenditures and prepare requests for future funding. It is also important to be able to assess the watersheds under different conditions ranging from changes in climate, changes in land use, and the effect of these changes on basin hydrology as well as on substrate erodibility. This is important in that gauge data are often lacking within the smaller urbanizing watersheds. Even if gauges are available, it is difficult to use the data as a predictive tool, owing to the rapid changes in watershed hydrology and hydraulics brought on with urbanization of the watershed. In this paper, a simple continuous simulation model for stream stability assessment is discussed, as well as its incorporation in a methodology used to design a new more stable channel for urban stream systems.
DEGRADATION AND MODEL INPUTS
The soil water assessment tool (SWAT) was developed to simulate watershed processes and the impact of land and water management on water quality (Arnold et al., 1993 (Arnold et al., , 1998 . Recently, the channel sediment routing model within SWAT has been modified to simulate down-cutting and widening (Allen et al., 1999) , Fig. 1 . This modification, termed the SWAT-DEG model, uses local climatic data (daily precipitation or hourly precipitation), soils, land use, and topography to solve discharge. This water is then routed downstream. At the chosen study reach, for each hourly or daily time step (user choice), the channel tractive force is computed. If the existing bed material of the site under the computed discharge is mobile, an erodibility coefficient from submerged jet testing (Hanson & Cook, 2004 ) is multiplied by tractive force to compute down-cutting, and the channel slope is adjusted accordingly. Widening of the channel is accomplished through local width-depth ratios (W/D) derived from measurements of streams in the local area. Previous studies by have shown that within similar physiographic provinces, incising channels have similar W/D ratios. Modelled results indicate the temporal change in downcutting and channel adjustment, useful in project planning and channel assessment.
In the SWAT-DEG model, the amount of sediment that can be transported from a reach segment is a function of peak channel velocity, which is calculated as:
where v peak is the peak channel velocity (m/s), prf is the peak rate adjustment factor (-), q ch is the peak flow rate (m 3 /s), and a ch is the cross-section area of flow (m 2 ). The maximum concentration of sediment that can be transported by the water, conc sedmx (t/m 3 ), is:
where csp is a coefficient defined by the user. The common exponent of 1.5 comes from bedload transport formulas such as Meyer-Peter & Engelund (cited in Chien & Wan, 1999) . This exponent can be changed if data are available, or based on reference to Barry et al. (2004) , whose work indicates that the exponent is principally a factor of sediment supply related channel armouring (transport capacity in excess of sediment supply). The maximum calculated concentration of sediment is compared to the concentration in the reach at the beginning of the time step, conc sed,i . If conc sed,i > conc sedmx , deposition is the dominant process in the reach segment and the net mass of sediment deposited in the reach segment, sed dep (t), is calculated as:
where conc sed is the initial sediment concentration in the reach (t/m 3 ), and q vol is the volume of water in the reach segment (m 3 ). If conc sed < conc sedmx the channel degrades and the net mass of sediment re-entrained, sed deg (t), is:
where k ch is the channel erodibility factor (-) and c ch is the channel cover factor (-). Once the amount of deposition and degradation in the reach has been calculated, the final mass of sediment in the reach, sed ch , is:
where sed chi is the mass of sediment in the reach at the beginning of the time period, sed dep is the mass of sediment deposited, and sed deg is the mass of sediment re-entrained in the reach segment (with all units in t). The mass of sediment transported out of the reach, sed out (t), is:
where v out is the volume of outflow during the time step (m 3 ) and v ch is the volume of water in the reach (m 3 ). Currently, the model accounts for the sediment from the adjustments in the widthdepth ratios but does not model individual failures. This is an important factor in urban channel sediment yield and is being assessed in future models.
Three channel dimensions are allowed to vary in the channel down-cutting and widening simulations: bankfull depth, width and slope. 
where γ w is the unit weight of water (kg/m 3 ), and D 50 is median sediment size (mm). Channel bottom erosion is not allowed until the bed material is entrained, where the computed channel tractive force exceeds the critical tractive force (equation (9)). In urban channels in the study area, bed material is entrained typically at depths of 0.5-0.7 m, based on observations after flood events. Due to high stream power, channels are locally considered supply limited. The new bankfull depth, d new (m), is computed with:
where d bankfull is the previous bank full depth (m). The new bankfull width, w bf (m), is:
where wd ratio is the width to depth ratio (m/m). The new channel slope, slope new (m/m), is calculated as:
where slope is the previous channel slope (m/m) and L ch is the channel length (km). This process is continued through each hydrograph and summed by reach for each year (Fig. 1) . The model is run for 50-to 100-year time periods in order to assess how long it takes the channel to reach a stable longitudinal profile.
Channel erodibility factor
Depending on channel depth and degree of erosion, banks can be near vertical and devoid of bank vegetation or covered with long stem bunch grasses, or scattered woody vegetation ranging from bushes to trees. The erodibility factor is estimated using the submerged jet test for exposed soil areas after Hanson (1990 Hanson ( , 1991 and Allen et al. (1997) or flumes, as in Briaud et al. (1999) or Wynn & Mostaghimi (2006) , for vegetated channels. Soil detachment from the channel perimeter is primarily a function of shear stress induced by the flow. As flow is increased, shear stress or stream power increases until it eventually exceeds the critical shear stress required to detach the particle or aggregate. Engineers working on channel design use such knowledge to design channel works by keeping the shear stress, stream power or channel velocities below a critical value as defined by Fortier & Scobey (1926) with suitable allowances for sinuosity. While these tables are instructive and give some standardized thresholds, they fail to take into account the range of bank material properties and water conditions at sites which can effect erosion. In addition, this method does not address the potential amount of erosion that can occur once the "allowable threshold" is reached.
The most common approach to modelling channel erosion is the use of critical shear stress exceedence. The effective stresses encountered in the channel reach can be computed from the flow depth, channel slopes, and the unit weight of water: ) ( er bed c e t t k − = (13) where er is the erosion rate [D T
-1 ], k bed is the erodibility coefficient in (cm h -1 Pa -1 ), t e is the effective stress (Pa) and t c is the critical stress (Pa) calculated with equation (9).
The effective stress is the stress at the soil water interface causing detachment. In applications where high stresses are present as instream channels, Hanson (1990) has shown that in cohesive channels as modelled in the study area, the critical stress encountered is so low, relative to the effective stress, as to be negligible. Hanson (1990) thus reduced equation (13) to a simpler erosion rate characterization without the critical stress of the form:
As the effective stress increases in the channel, the rate of erosion increases by a factor of k bed . If the conditions of bed material mobility have been addressed and bed material is mobile according to the tractive force and equation (9), then equation (14) simply requires an erodibility coefficient and the effective stress in the channel. Defining the erodibility coefficient, k bed , is therefore necessary to determine erosion rates for the stresses anticipated for design conditions and for stream degradation analysis. In order for a field test procedure to be useful, it should meet several criteria: (a) the test should be based on sound hydrological/hydraulic principles as well as knowledge of the material properties which effect erosion; (b) the test should be simple, quick and relatively inexpensive to perform; (c) the test should be repeatable and give consistent results for the same material under the same antecedent conditions; and (d) the coefficients obtained from the testing should be applicable in current equations used to evaluate erosion. A simple field method for determining soil erodibility in stream channels has been proposed by Hanson (1990 Hanson ( , 1991 Hanson ( , 2004 and ASTM (2003) and modified by Allen et al. (1997) . These studies have demonstrated the validity of using the submerged jet procedure to aid in the prediction of channel erosion. The important variables in the jet design are the nozzle diameter, jet velocity, and the height of the jet above the initial testing surface. To determine a relationship between erodibility and the scour created by the submerged jet, Hanson (1990) developed the jet index, j i , such that:
The jet index is a function of the depth of scour beneath the jet per unit time [D T -1 ] and the velocity function (Ut -0.931 ), which is related to the jet velocity and the time interval. The depth of scour is determined from the field tests where the velocity functions are predetermined constants. A jet index, and subsequently an erodibility coefficient, can therefore be determined by conducting a simple field test. The jet index is determined by a least squares fit following the procedures outlined in ASTM Standard D5852-95. More recently, Wynn & Mostaghimi (2006) have investigated channel erodibility in vegetated channels with the submerged jet. Work by Hanson & Simon (2001) has shown that material resistance is a function of both t c and k bed and there is an inverse relationship between these variables where:
Equilibrium slope
The bed material gradation combined with the channel-forming discharge is used to estimate the equilibrium or "ultimate" stable channel slope. Discharge, site stratigraphy, and bed material information is also used to evaluate future channel width and depth by comparison to regionally derived regression equations. This information, when analysed with bank stability considerations and pool-riffle morphology, allows assessment of stable channel design dimensions for pool and riffle areas over the design reach. Ultimate channel slope should be related to computed equilibrium slopes. Once the channel design discharge is known and the bed material sampled, the ultimate channel slope or equilibrium slope can be computed. The design discharge is assumed to be the discharge computed under fully developed watershed conditions as determined from the comprehensive land-use plan. This allows for proper assessment of degradation or aggradation expected in the channel. A simple design equation was formulated for use in the area by the authors for assessment of equilibrium slope:
where s is the channel slope (m/m) and q is equal to the 2-year discharge (m 3 /s). This equation is based on the Schoklitsch equation (Pemberton & Lara, 1984) , the Dempster (1974) regression equations for channel discharge in the Dallas urban area, and average channel dimensions for the region after Allen & Narramore (1985) and Allen et al. (2002) . This equation compares well with the generalized charts given by the US Army Corps of Engineers (1997) , and work on practical slope discharge sediment relationships for gravel channels by Neill (1986) . The US Army Corps of Engineers design charts illustrate channel slope related to D 50 (median size) of the bed material and the dominant discharge of the channel. The charts are based on solving bed material equations for the minimum channel slope, given inputs of sediment size, dominant discharge, and channel width, depth, and side slope configuration. This is based on the minimum unit stream power per unit channel length concept of Chang (1988) . He infers that an alluvial channel with water discharge, Q, and sediment load, Q s , as independent variables, tends to establish its width, slope and depth such that stream power per channel length is a minimum. Since Q is a given parameter, minimum stream power also means minimum channel slope. Other equations can also be used, depending upon the site, such as: Henderson (1961) and Thorne et al. (1997) ; the Schoklitsch, Meyer-Peter, Muller, Shields and Lane Tractive Force Method, as given in Pemberton & Lara (1984); Millar (2000) for vegetated channel banks; or Bledsoe et al. (2002) .
Width-depth ratios
The model makes the basic assumption that over a long period of time, given the constraints of simple channel dimensions and 1-D flow, limiting side slope equilibrium is related to the materials internal angle of friction, cohesion, vegetation cover and the degree of down-cutting. It is proposed that channel width-depth ratios are a function of the material in which the channel was developed and these additional constraints. Where the river is confined within a specific material, the widthdepth ratio can be assumed to be constant (Schumm, 1960; Finnegan et al., 2005) . Prediction of changes in channels with down-cutting are numerous and rely on solving simple models of slope stability based on adaptations of wedge failures (Thorne, 1982; Lohnes, 1991; Darby et al., 1996 Darby et al., , 2000 Simon et al., 2000 Simon et al., , 2003 or cylindrical failures (Miller & Quick, 1993 . However, even these simple models require information on the bulk density, cohesion and the internal angle of friction of the material, as well as assuming various water table configurations. More sophisticated models even include assumptions regarding the influence of riparian vegetation (Simon et al., 2003) . The US Task Committee on River Width Adjustment (1998) point out that great scope for improvement of stability models with erodible banks remains. While these models do provide insight into how channels work, the solution of the equations, given the overall complexity of streams, does not necessarily provide better prediction of ultimate channel dimensions. For example, in some recent work by Soenksen et al. (2003) , three such models were used to assess bank stability on degrading streams in Nebraska. Over 150 sites in 26 counties were assessed. The authors conclude that the soils data were non-representative of the complexity of the sites and, therefore, the models could not accurately assess the bank stability. Work by Eaton & Miller (2004) suggests that there is not one single optimum, but that a range of channel geometries can form depending upon the strength of the bank materials. This is supported by Huang & Nanson (1998) , who demonstrate that bank strength, bank sediment and bank vegetation play important roles in influencing alluvial channel dimensions.
Therefore, for general trends in channel evolution, channel width and depth ratios were used for two reasons: (1) data were typically more readily obtainable from existing topographic maps, air photographs, and supported by limited field studies than detailed site stratigraphy and engineering tests; (2) the method had been used before in studies of channel incision using a similar approach to estimate channel widening with degradation Levich, 1994; Finnegan et al., 2005) ; and (3) according to Thorne et al. (1982 Thorne et al. ( , 1997 , the retreat rate over the medium and long term is fluvially controlled, regardless of the nature of the bank material, erosion and weathering processes, and precise failure mechanism responsible for bank retreat. Detailed site stratigraphy and engineering tests were not used as this information is not typically available for such studies. As shown in Fig. 2 , the width-depth relationships are governed by channel bed and bank material. The plot is taken from streams all over the Dallas metroplex representing two major end members of streams: streams with silty clay and clay banks and bottoms, and streams with rock bottoms or gravel bottoms, which is similar to results reported by MacRae & DeAndrea (1999) in the Austin, Texas area. Streams with threshold bottoms widen faster than the more cohesive streams.
MODEL VERIFICATION
Four methods were used to assess the viability of the model for use in estimates of degradation rates. These consist of: (1) comparing the model results to time series degradation at surveyed sites; (2) comparing the model results to generic degradation curves shown for other rivers; (3) comparison of the results to simple incremental weighted averages; and (4) comparison of the model to other degradation models. Figure 3 shows the model compared to long-term channel surveys taken in Dallas on Five Mile Creek. This is the longest record available in the area where past surveys were found. This watershed has an area of 200 km 2 and a slope of 0.004 m/m. The watershed is urbanized and has a channel cut into silty clay, alluvial clays and some weak limestone outcrops. The model results are shown in comparison to the actual survey points. After 40 years, the model is within 0.3 m of the actual thalweg survey. The data points upon which this comparison was made were not used for calibration.
Next, the model results are compared to general degradation curves shown by other field studies using equation (18) (Fig. 4) . The degradation curve derived from the SWAT-DEG model runs follows those typical of channel bed adjustments over time, as has been demonstrated by Simon (1989) in Mississippi, Simon & Rinaldi (2006) and by Williams & Wolman (1984) , and is representative of trends in bed-level change at gauging stations: where e is the elevation of the bed for a given year; a is the coefficient determined by regression representing pre-modified elevation; t is the time since beginning of adjustment process (years), where t 0 = 1.0; and b is the dimensionless exponent indicating nonlinear rate of change. The b coefficient for the modelled results is remarkably similar to field results shown by Simon (1989) for work on streams in the Mississippi basin.
The third method of comparison is analysing the model degradation rates to those using a simple incremental weighted average of degradation (Simons & Li, 1984) . These results are shown in Fig. 5 . It can be seen that the SWAT results parallel the incremental average and are slightly higher. Both methods utilized the same erodibility coefficient. Also shown in the figure is the effect of increasing the bed erodibility coefficient on degradation. In this region, it is typically the result of weathering (drying) of the clay-rich material between flood events. Currently this effect is not handled in the model.
The final verification results show a comparison of the model to two other degradation models (Table 1 ). The Bureau of Reclamation Stable Slope method is used to ascertain the amount of degradation below dams as a result of the trapping effect that the dam has on bed material transport (Yang, 1996) . Degradation proceeds until a limiting slope is obtained. The limiting slope is computed from the incipient slope of a sediment transport equation. The rate is based on the dominant discharge and how much bed material is trapped per year by the dam. A second numerical method, developed by Parker (2005) , uses a simple 1-D bed variation model based on differential sediment transport. The sediment is assumed to be a uniform size. All transport is assumed to occur in a specified fraction of time during which the river is in flood. The program uses a generic form of the Meyer-Peter and Muller sediment transport formula and normal flow approximation. All three methods were analysed for Farmers Branch watershed in Carrollton, Texas. Here, bed material transport rates were obtained from annual dredging volumes obtained from an instream dam. The unit weight of the material was sampled at the site and volumetric quantities of bed material excavated each year were computed to tons. As input to these models, it was assumed, based on incipient motion analysis of the bed material (equation (9) 
APPLICATIONS OF SWAT-DEG RESULTS

Building setbacks
The results of the SWAT-DEG model and the channel evolution model (CEM, Simon, 1989) , and the Watson-Harvey procedure (Watson et al., 1988) are used in concert in urbanizing streams to evaluate the current state of the channel in relation to the forecast equilibrium channel. The concept of CEM is shown in Fig. 6 . This model illustrates conceptually the steps incised river channels will go through to obtain equilibrium under the newly imposed conditions. The SWAT-DEG model described in this research, allows evaluation of the time it will take for the present channel to reach the equilibrium channel slope and thus proceed through the different steps of the evolutionary sequence. The Watson-Harvey procedure allows one to then place different reaches of the stream into one of the four CEM stages based on assumptions of the ratio of the actual side slope height over the critical side slope height and the ratio of the existing channel slope to the computed equilibrium slope. Plotting these ratios against one another allows one to visualise where the stream is in terms of the CEM model (Fig. 7) . This is beneficial in that engineers have found that structural control of channel degradation is cost-effective during Stages I-II and the beginning of Stage III, but is not warranted in the later Stage III to Stage IV. In these latter stages, the channel has reached its maximum depth and therefore costly control of incision with drop structures is unwarranted (Watson et al., 1988) .
The equilibrium or design slope, derived from the slope equations, will typically be lower than the existing channel slope due to increased discharge as a result of urbanization of the basin. Because of the confined nature of many urban streams (transportation crossings, houses, commercial structures, alleys), there is typically little room to decrease the channel slope by increasing channel length through meander enlargement. Therefore, most urban channels require Based on the chosen period, the model is run and ultimate channel depth and width are projected. Lateral migration is assessed based on meander radius over channel width. Setback from the combination of these two zones is projected to the top of the bank to indicate the structural setback line for new development or for prescription of bank stabilization for existing development.
the addition of drop structures in order to meet derived equilibrium channel slopes. Placement and number of drop structures is based on the amount of predicted degradation. Prioritization of expenditures is based on the predicted time rate of degradation, channel sinuosity, and local structural considerations such as utility crossings, storm sewers, and bridge and culvert locations and configurations. The time rate of degradation predicted from the SWAT-DEG model is important in assessing the erosion hazards of structures located near the channel (Fig. 8) .
Based on the stable side slope conditions, setbacks to existing or future structures can be assessed. SWAT-DEG allows the engineer to better assess the time rate of potential degradation and thereby make more informed decisions on where costly structural controls may be needed now and in the future based on the rate of degradation, types of structures, and their proximity to the channel. This is easily done with the predicted degradation, widening and incorporating these into setbacks along the channels with GIS or CAD systems.
Finally, the combination of equilibrium slope, new channel dimensions, drop structure locations and sizes, bridge alterations, and modifications to channel roughness are modelled to assess the impacts of the modifications on local flood levels and velocities for various design storms. Adjustments are made to make sure that regulatory flood levels within the reach are not increased and threshold velocities are not exceeded for the area.
Case study: channel stability assessment methodology and SWAT-DEG
The application of channel stability assessment using SWAT-DEG is described for the Hutton Branch watershed and outlined in Fig. 9 . Hutton Branch is a major stream draining 25 km 2 of urban watershed almost entirely within the City of Carrollton, Texas. Many reaches of the stream have been extensively channelized in the past. The focus of this application is a reach of about 2000 m on lower Hutton Branch. The historical record reveals that the stream channel has been realigned in several areas, shortening its course and increasing its gradient. This, coupled with the increased rate and duration of flood events due to watershed urbanization, has resulted in increases in stream bank failures, exposure of utility crossings in the reach and threats to adjoining public improvements such as streets and retaining walls.
Field assessment
The first step in determining channel stability is field assessment. The field survey includes a visual summary of channel conditions by river reach (photographs of the left and right bed and bank). The length interval chosen for data assimilation for urban channels is 60 m. Four major areas of information are derived from the channel survey. The bed material is documented and selected samples are taken for sieve analysis or a Wolman's pebble count is performed in the field. Sieve analysis and Wolman's pebble count are conducted to determine the varying degree of soil particle sizes contained in the channel streambed. This information is used to input to the model for assessment of incipient motion of the bed material. The geology (stratigraphy) of the reach is noted, considering rock type, bedding, degree of weathering, and thickness of alluvial soils. Bank stability, bank height, and degree of erosion is noted, as well as distance to and type of structure that may be impacted by future erosion. This information is used to assess the critical height of the channel banks and useful in determining the W/D ratios of the channel for model input. While not used in the SWAT-DEG model, the meander geometry is measured and radius of curvature (Rc) and Rc/(bottom width) is obtained. This information is useful in assessing bend scour and meander migration rates. As the model does not consider curvature or meander migration, this information is used to assess lateral channel stability. A channel can adjust grade by either incision or by lateral extension; currently, no model is capable of accurately addressing lateral meander migration.
Channel design parameters
A channel design discharge (1.25-year return interval) of 35 m 3 /s was determined for the main stem of Hutton Branch to be used in the model, based on three points: (a) this was the calculated Fig. 9 General field procedure used to assess stability of urban streams in north central Texas.
discharge for the fully developed basin derived from Dempster's (1974) regression equations; (b) these equations have been shown to define the active channel dimensions in the Dallas and North Texas area (Allen et al., 2002) ; and (c) consistency with HEC model results for the study area. Consistency with the HEC-RAS model results is checked and the proposed channel design parameters altered to produce the desired channel velocities in the range of 1-2 m/s. Based on this channel discharge and results of the Wolman's pebble count for the reach, stable slope equations were used to calculate the design channel slope. The pebble count indicated a D 50 of 19.5 mm. The equilibrium channel slope is calculated from the methods discussed earlier as equation (17) . The average of several methods indicated a design (equilibrium) slope of 0.0016 for the study area (Fig. 10) . The Watson-Harvey procedure, similar to results shown (Fig. 6) , indicated that the majority of the stream was in Stage II or a period of maximum down-cutting; SWAT-DEG analysis indicated that Stage IV would not be reached for approx. a 50-year time period (Fig. 11) and that degradation could reach the order of 9 m if no protection was provided in terms of hard points or drop structures. This seems high, but evidence exists for massive down-cutting in disturbed channels in the Blackland Prairie shales. The North Sulphur River, located in northcentral Texas, is an approx. 300-km 2 watershed. Before channelization, the stream was a sinuous (1.7) meandering stream with a slope of about 0.0008 m/m, about 15 m wide, and 1.8 m deep, with a hydraulic capacity of 25 cm. After channelization, the stream has eroded to approx. 91 m wide and 12 m deep over 77 years (Harvey et al., 2007) . Similarly, the authors have observed Mill Creek, with a watershed of about 300 km 2 in Central Texas, that has gone from 15 m wide and 4 m deep to 35 m wide and 7.5 m deep along a 5-km reach over a 20-year time period.
While the SWAT-DEG model gives the estimated time of degradation, detailed reach hydraulics and cross-section data from engineering cross-sections utilized for the detailed HEC-RAS hydraulics were utilized to assess the longitudinal trends. The maximum height of drop structures in urban watersheds is typically limited to 1 m. Therefore, the number of drop structures (N ds ) needed is:
where So is the actual slope, Se is the equilibrium slope, L is the reach length, and h is the average height of each drop. The SWAT-DEG computations can assess where in the system these will be needed and the effect on the channel degradation over time.
Stabilization plan
The resulting plan for Hutton Branch is to restore the channel to a natural section and alignment. Stable channel design velocities will be maintained while floodwater surface elevations are kept at or below existing levels. In addition, a more stable, composite channel shape is proposed that will more efficiently pass the lower flood events and minimize channel instability. The typical section is 11 m channel bottom width and 3:1 side slopes for a depth of 1.5 m. The active channel would be completely earthen with a depth of 1.5 m and a top width of 20 m. The design depth is based on the amount of flow required by the channel to contain the 1.25-year flood. Side slopes of 4:1 covered with erosion control matting would extend to portions of the channel that are not armoured.
In order to achieve a more stable, yet natural channel alignment, meanders will be introduced. At each meander, the active channel top width would increase to 24 m. The side slope of the inside bank of the channel is flattened to 5:1 to simulate a natural meandering channel section. On the outside bank, loose stone riprap will be placed to protect the slopes. At utility crossings or where right-of-way is being restricted, a gabion wall will be used.
The design slope of 0.0016 is used throughout the reach. SWAT-DEG indicated that the majority of this degradation could occur within the next 20 years. To achieve the equilibrium slope, six drop structures were needed. The drop structures also protect utility crossings. The total estimated cost for the recommended plan, including clearing, filling, re-grading, and re-vegetating areas along the banks of Hutton Branch is US$2 863 000.
CONCLUSIONS
A simple model for assessing the time rate of degradation in watersheds is given. The model relies on a continuous simulation (typically daily) of watershed discharge based on local climate instead of a dominant discharge approach used in many current assessments of stable channel dimensions. Unique to this approach is the use of in situ erosion parameters derived from submerged jet tests on the alluvial material, which give both the allowable tractive force as well as erodibility coefficients. The model is used in concert with the Watson-Harvey procedure with reference to the CEM and standard channel evaluation methods. The SWAT-DEG model allows for better estimates of temporal changes in the channel so that priorities can be established among stream projects within municipalities.
A channel restoration design is shown for Hutton Branch that follows the stable channel design process described in this section of the report. Planform geometry was developed and as a result a more natural meandering channel alignment was developed. The proposed stabilized channel satisfied the required velocity limits based upon Manning's analysis. Verification of the velocities and channel carrying capacity was fulfilled by the detailed hydraulic modelling process. The channel restoration plan cost compared favourably with the cost of other, more structural channel stabilization techniques such as channel armouring.
